Introduction
The cornea transmitting the light to the retina is covered by epithelial cells and surrounded by a narrow band of limbal cells. Similarly to other epithelia, the epithelium of the cornea is maintained by stem cells that migrate on the corneal surface centripetally as differentiated cells (Kinoshita et al., 1981; Tseng, 1989; Sun et a., 2010) . Stem cell population for the corneal epithelium is located at the area known as limbus forming a narrow zone between the cornea and the bulbar conjunctiva and the sclera and mediate corneal renewal and repair (Secker and Daniels, 2009 ). (Fig. 1) . The highest clonogenicity, a feature of limbal stem cells, is found in the smallest keratinocytes. The diameter of these small cells located in the limbal basal epithelium is 10.1 +/-0.8 µm (Romano et al., 2003) . This limbal stem cell population is responsible for the renewal of the corneal epithelium. Loss of limbal function may result in painful blindness (Ahmad, 2012) . The isolation of limbal stem cells remained a challenging task due to their colony forming potential, restricted availability of donor corneal tissue for corneal renewal and repair and by the low probability of survival of grafted tissue upon keratoplasty (Majo et al., 2008; Albert et al., 2012) . The clonal growth of limbal stem cells was stimulated by fetal bovine serum (Kruse and Tseng, 1993) , but presented the risk of transmission of animal-borne viruses or aquisition of antigenic substances on the cell membrane during culturing limbal stem cells (Baylis et al., 2011; Shortt et al., 2007) . The risks of cultivating cornea limbal epithelial stem cells have been eliminated by animal material-free medium (Albert et al., 2012) . Beside the possibility of rejection of transplanted limbal cells, during the wound healing there is a further considerable risk, namely the infection, which is normally minimized by autologous serum, prophylactic topical antibiotics, steroid and nonsteroid eyedrops (Dua et al., 2010) . Oral steroids and oral cyclosporin were used to prevent rejection and graft failure after penetrating keratoplasty (Frucht-Pery et al., 1988) .
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After limbal stem cell transplantation topical forms of corticosteroids, e.g. betamethasone 0.1% eye drops and ointments, antibiotics such as 0.5% chloramphenicol drops (Kheirkhah and Karimian, 2010) or chloramphenicol with prednisolone 0.5% eyedrops have been used (Dua and Azuara-Blanco, 2000) . Among the semisynthetic antibiotics, rifampicin has been applied as a 1% ointment to prevent the growth of Chlamydia trachomatis and lymphogranuloma venerum (Fraunfelder, Meyer, 1982) through the inhibition of DNAdependent RNA polymerase (Becker, 1972; Becker et al., 1970) . Data regarding the cellular toxicity of antibiotics are scarce. Thus, before their medical use it is reasonable to test and compare the in vitro damaging and beneficial balance of antibiotics.
In this paper we describe the isolation of limbal stem cells for in vitro toxicological tests.
Limbal cells were obtained as a small part of the limbal collar that was subjected to cornea transplantation and regeneration. From the primary culture human limbal stem cell line (Hu/Li) was established consisting of immortal cells. The cell growth and regeneration process of limbal stem cells was tested in the presence of two broad spectrum antibiotics, chloramphenicol (0.5 -1.0 mg/ml) and rifampicin (0.1-0.2 mg/ml). Structures of condensing chromosomes of stem cells have not been isolated earlier. Chromatin structures of healthy limbal cells resembled closely to other mammalian tumor cells visualized earlier (Banfalvi et al., 2006) . Genotoxicity specific chromatin changes induced by antibiotics caused the delayed regeneration of the damaged limbal cell monolayer.
Materials and methods

Materials
DABCO (1,4-diazobicyclo-(2,2,2)-octane), chloramphenicol, rifampicin, PenicillinStreptomicin-Neomicin antibiotics (PSN-375963) were from Sigma-Aldrich, Budapest, Hungary. 2,6-diamino-2-phenylindole (DAPI) was the product of Braunschweig Chemie 5 (Braunschweig, Germany). Dextran T-150 was purchased from Pharmacia-Biochemicals (Uppsala, Sweden). Colcemid (N-methyl-N-deacetyl-colchicine) was the product of Boehringer (Mannheim, Germany). The molecular formula of chloramphenicol is spanned by an aliphatic ansa chain (Tomiyama et al., 1996) . In an attempt to eliminate bacterial contamination, PSN antibiotics were used as a sterile-filtered solution containing penicillin, streptomycin and neomycin. PSN antimicrobial antibiotics are distinguished from ophthalmic antibiotics (chloramphenicol, rifampicin). Antibiotics in this publication refer to chloramphenicol and rifampicin, unless otherwise noted.
Sterile stock solutions of antibiotics, 5 mg/ml chloramphenicol in physiological saline and 1 mg/ml rifampicin in sterile physiological saline were obtained from the Pharmacy of All examinations and sample collections were conducted according to the tenets of the Declaration of Helsinki and followed the guidelines of our Institutional Ethics Committee.
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The isolation procedure followed strict guidelines (Albert et al., 2012 solution (100%) is formulated to contain 100x concentrated 5,000 units/ml penicillin (5mg/ml), 5 mg/ml streptomycin and 10 mg/ml neomycin in 0.9% sodium chloride solution. (Table 1 ). The positive expression for cytokeratin 19 of limbal basal cells was taken as an indicator of stem cell origin (Kasper et al., 1988) , while the negative test with the CD34 9 marker excluded the hematopoietic origin of stem cells. The human limbal stem cell line (Hu/Li) is freely available in our cell biology laboratory exclusively for in vitro experimental purposes.
Long-term scanning microscopy and image analysis
We have recently developed computer-based image analysis of long-term scanning (LTS) microscopy that allows visualization and analysis of mammalian and cell growth up to two weeks (Nagy et al., 2010; Banfalvi et al., 2012) . Detailed description of the system and protocol for time-lapse scanning (TLS) is given (Nagy et al., 2014) .
Scratch model mimicking corneal epithelial growth
The scratch wound assay mimics cell behaviour during wound healing in vitro in a confluent cell layer (Liang et al., 2007) . This model referred to as scratch model mimics the 
Regrowth of damaged monolayer visualized by scanning electronmicroscopy (SEM)
Three identical cultures grown on glass bottom dishes and damaged by scratching their monolayers were fixed at 0, 3 and 6 h, respectively for 30 min at 0 o C with 2.5% glutaraldehyde in PBS. After washing with the same buffer cells were fixed for a further 30 min at 0 o C with 2.5% osmium tetroxide in the same buffer. Cells were dehydrated stepwise, using increasing concentrations of ethanol in the rage of 50 -100%. Cells were coated with gold for viewing by a Hitachi S 4300 scanning electronmicroscope.
Regrowth of damaged monolayer in the presence of antibiotics
Five cell cultures, including control cells and two antibiotics of clinical importance were tested by the scratch model: i) Control cells grown in the absence of antibiotics, ii) chloramphenicol (0.5 mg/ml), iii) Chloramphenicol (1.0 mg/ml), iv) rifampicin (0.1 mg/ml), v) rifampicin (0.2 mg/ml). The size of the scratch and its regrowth were followed by timelapse microscopy until the scratched surface disappeared and confluency was regained. As the damaged areas varied from experiment to experiment, the area of defect was quantified from the photography by using a computer-assisted ImageJ processing program and was calculated as the percentage of residual epithelial defect at each time point. Determination of viable cell number. Cells were resuspended in 5 ml PBS and 50 µl cell suspension was given to 50 µl 0.5% trypan blue dissolved in PBS. Viable cells that did not take up trypan blue were counted in a Bürker chamber. After cell number (cells/ml) was determined, 10 6 cells were taken for osmotic swelling.
Reversible permeabilization. This method originally developed for the reversible permeabilization of lymphocytes isolated from the murine thymus (Banfalvi et al., 1984) , was (Banfalvi et al., 1984) .
Osmotic cell swelling. Cells (10 6 ) were washed twice with PBS and incubated at 37 o C for 10 min in Swelling Buffer. Swelling was followed by centrifugation at 500 g for 5 min.
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Isolation of nuclei. After swelling nuclei were isolated from the pellet of cells by the slow addition under constant stirring of 14 ml Fixative Solution. Nuclei were then centrifuged at 500 x g for 5 min and washed twice in Fixative.
Spreads of nuclear structures
During preparation of nuclei for spreads of chromatin structures the method developed for metaphase chromosomes was used. Nuclei were centrifuged at 500 x g for 5 min and resuspended in 1 ml Fixative. Nuclei were spread over glass slides dropwise from a height of approximately 30 cm. Slides were air dried, stored at room temperature overnight, rinsed with PBS and dehydrated using increasing concentrations of ethanol (70, 90, 95 and 100%).
Visualization of chromatin structures
Dehydrated slides containing chromatin structures were mounted in 35 µl Antifade Medium under 24x50 mm coverslips. Blue fluorescence of DAPI was monitored by fluorescence microscopy (Nikon Eclipse E800 Nikon Corporation, Tokyo).
Results
Regeneration of limbal cell growth
Cell growth in the presence of antibiotics aimed to prove the inverse relationship between cell growth and antibiotic concentration. The growth rate was determined by the number of divisions seen as round mitotic cells in the time-lapse scanning microscopy (Nagy et al., 2013) . Five identical limbal cell cultures were replated, each of them was started at 10 6 cells/ml, one in the absence and four in the presence of 0.5 and 1.0 mg/ml chloramphenicol, 0.1 and 0.2 mg/ml rifampicin, respectively. The growth of the control cell culture after 24 h 13 incubation showed 100% confluency. The growth rate in the presence of 0.5 and 1.0 mg/ml chloramphenicol was reduced to ~ 80 -70 %, and by 0.1 and 0.2 mg/ml rifampicin to ~70 -60 %, relative to the 100 % of the 24 h control population of limbal cells.
The in vitro regeneration of monolayer was followed by time-lapse microscopy after scratching the surface of the confluent monolayer of the limbal cell culture. In the control experiment the detachment of injured cells at the edges of the damage was followed by an initial steep increase in regeneration, corresponding to a logarithmic growth rate curve. The regeneration profile of control cells can be subdivided into four subphases ( Fig oscillations shows the intensity of cell growth that came to a stand-still after ~8 h ( Fig. 2A/b ).
The trendline of regeneration can be defined by a logarithmic graph and equation presented in 
Antibiotics affecting the regeneration of limbal cell growth
The regeneration potential of damaged monolayer upon treatment with 0.5 mg/ml chloramphenicol was followed by time-lapse imaging for 24 h. The lagging period of cell growth before exponential growth lasted for ~ 7 h ( Fig. 2B/a) . The trendline of the graph ( Fig. 2B/a) was described by the equation given in Fig. 2D .
The in vitro regeneration of 0.1 mg/ml rifampicin treated cells was visualized in the same manner by time-lapse microscopy after scratching the surface of the confluent monolayer of limbal cells (Fig. 2C/a) . The profile of monolayer regeneration shows a relatively fast reattachment of damaged monolayer followed by delayed cell growth indicated by the 14 reduced rise of the curve and did not reach the stationary phase during the 24 h observation period. The trendline of graph of Fig. 2C /a was expressed by the equation given in Fig. 2D .
In the panels of Fig 
In vitro regeneration of monolayer visualized by time-lapse microscopy
The in vitro regeneration of damaged monolayer of limbal cell culture was visualized by time-lapse microscopy after scratching the surface of the confluent monolayer. In the control experiment the lagging period of cell growth (~3 h) was accounted for by the reattachment of cells at the edges of the damaged monolayer and was followed by a steep increase in cell growth. That detached cells did not die is indicated by the rapid repopulation of the scratched surface reaching high confluency within 5 h (Fig. 3 top left panels) .
Time-lapse microscopy demonstrated that complete regrowth after 0.5 mg/ml chloramphenicol treatment of limbal cell culture took about 700 min (11 h and 40 min)
confirming the inhibitory effect of chloramphenicol on limbal cell regeneration (Fig. 3 middle left panels). The temporal shift between the beginning of regrowth and reattachment pointed to a significant loss of cells, seen in the time-lapse microscopy as residual bodies of apoptosis ( Fig. 3 middle left panels ).
The scratch model proved to be useful to reveal a drastic reduction of limbal growth and delayed regeneration of the endothelial monolayer exerted by the presence of 0.1 mg/ml 15 rifampicin. Fig.3 bottom left panels show how the empty surface caused by the scratch was regrown. Complete regeneration took more than 900 min (15 h) (Fig. 3 bottom left panels) .
The regeneration of damaged monolayer was confirmed by scanning electronmicroscopy.
Three identical monolayer limbal cell cultures of about 80% confluency were damaged by scratching their surfaces. The top right panel of Fig. 3 shows an initial ~450 µm wide empty belt devoid of cells with residual bodies in the middle of the streak. After 3 h of regeneration the empty band narrowed to less than 100 µm (middle right panel of Fig. 3 ) and after 6 h to about 20 µm (bottom right panel of Fig. 3 ). Intermediates of chromatin condensation in healthy limbal stem cells included round nuclei containing veil-like chromatin in early S phase (Fig. 4 top A/1-6), polarization of nuclei ( Fig.   4 B/1-6), initial supercoiling and elongation of chromatin veil (Fig. 4 C/1-6), condensed chromatin veil subdivided into five major chromatin clusters (Fig. 4 D1-6 ), supercoiled chromatin ribbon (Fig. 4 E/1-6), ribbons turning to earliest visible interphase chromosomes referred to as chromatin bodies (Fig. 4 F/1-G/6), chromatin bodies turning to spiral shaped, bent u and v shaped prechromosomes and metaphase chromosomes (Fig. 4 bottom H/1-6).
Intermediates of chromatin condensation in nuclei of untreated stem cells
Intermediates of chromation condensation of Fig. 4 demonstrate how these regular forms differ from those that have been isolated from limbal stem cells, but subjected to antibiotic treatment.
Chromatin changes induced by antibiotics
Lower than 0.1mg/ml chloramphenicol concentrations did not cause significant changes in chromatin structure relative to the control. Minor chromatin changes were observed after 0.1mg/ml chloramphenicol treatment (not shown). Upon treatment with 0.5 mg/ml chloramphenical local polarization of chromatin and the opening of nucleus were typical chromatin changes that could be seen (Fig. 5 left panels) . The swelling and opening of nuclei often took place in such a manner that it revealed the two ends of the continuous chromatin structure. In rare occasions incompletely folded chromosomal forms were observed that did not reach the compaction of the metaphase (Fig. 5X, left panel) .
In the presence of higher chloramphenicol (1 mg/ml) concentration the chromatin maintained its fibrillary form, did not turn to chromatin ribbon and due to the stickiness of the chromatin nuclei were not disrupted but moderately enlarged. Characteristic genotoxic changes exerted by 1 mg/ml chloramphenicol are seen in Fig. 5 right panels.
When cell were grown in the presence of lower concentration of rifampicin (0.1 mg/ml) initial chromatin folding took place resulting in characteristic holes in nuclei (Fig. 6 left panels). That further chromatin condensation did not occur could be accounted for by the stickiness of the chromatin fibers. At higher rifampicin concentration (0.2 mg/ml) chromatin toxicity manifested primarily as supercoiled chromatin ribbons without the appearance of higher order of chromatin folding (Fig. 6 right panels) .
Discussion
In the reconstitution of non-penetrating damages of the cornea the human amniotic membrane has been a useful matrix to expand limbal stem cells in vitro before the transplantation of autologous limbal epithelial cells to the ocular surface (Tsai et al., 2000) .
Alternatively, limbal stem-cell therapy and long-term corneal regeneration proved to be useful for the treatment of the damaged human cornea (Rama et al., 2010) . The major advantage of limbal cell therapy is that these cells can be grown in unlimited quantity without somewhat laborious growth on biomembranes.
The reason why corneal regeneration after ocular-surface injury and antibiotic treatment can last up to 2-3 months was not known. The long treatment understandably necessitated the prevention of bacterial infections by broad-spectrum antibiotics, but harbored the further risk of slowing down the healing process, beside other ophthalmic side effects. The in vivo effectiveness of topical antibiotics may depend on their ability to associate with epithelial cells to provide continued protection (Wingard et al., 2011) . However, topical treatment of antibiotics may also damage limbal stem cells. High-dose topical mitomycin C turned out to be associated with a relatively high incidence of limbal stem cell deficiency (Lichtinger et al., 2010) . In most instances broad-spectrum antibiotics are preferred as eye drops since they are more practical than ointments and vision is not blurred with eyedrops. Under experimental conditions ocular-suface injuries of albino rabbits were treated with 0.5% levofloxacin eyedrops and 1 mg/kg intramuscular gentamicin (Nakamura et al., 2003) . For clinical application chloramphenicol and gentamicin are among the broad spectrum antibiotics that are preferentially used. Chloromycetin (Chloramphenicol) Ophthalmic Ointment USP, 1% (10 mg/g) is indicated for the treatment of ocular infections involving the conjunctiva and/or cornea caused by several chloramphenicol-susceptible organisms.
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The in vitro effect of antibiotics on limbal regeneration has not been tested. Although, a glass culture system cannot be considered identical to an in vivo situation, it can be useful to Our results show that the chromosome condensation of natural limbal stem cells follows the same common pattern as that of other mammalian tumor cells (Banfalvi et al., 2006) .
Chromatin condensation in limbal cells subjected to antibiotic treatment confirmed the damaging effects of antibiotics. Chloramphenicol used at lower (0.5 mg/ml) concentration caused the opening of nuclei during chromatin condensation, higher concentration (1 mg/ml) prevented the transition of fibrillar to ribboned chromatin. This inhibition resembled damages caused by ultraviolet-B irradiation where reversible chromatin changes were seen as a fine fibrillary network covering the inner, more condensed structures (Ujvarosi et al., 2007) .
Corresponding to this similarity we regard these chromatin changes less detrimental than those generated by rifampicin. Chromatin damages of rifampicin at lower (0.1 mg/ml) concentration are relatively uniform and seem to block the cell cycle at the ribboned stage of chromatin condensation in conformity with the results of the time-lapse microscopy where a 10 h delay in cell regrowth was registered with a potentially synchronizing effect. At higher concentration of rifampicin (0.2 mg/ml) the various shapes of nuclei and condensation forms of chromatin indicated more severely damaged limbal cells.
The therapeutic use of rifampicin is of particular concern already at 0.1mg/ml concentration, as it significantly slows down the regeneration process and causes nuclear damages confirmed by the distorted chromatin structures. Based on these in vitro experiments one can predict that during the medical applications rifampicin also exerts its harmful effects, that should be minimized by keeping its concentration at the lowest bactericidal level. The therapeutic concentration for the external clinical use of chloramphenicol is probably less than 0.5 mg/ml, and the recommended rifampicin concentration less than 0.1 mg/ml.
Conclusion
We have established an in vitro cell culture system that may resemble, but cannot be considered identical to in vivo situations, consequently it would be early to regard our system as a stem cell model for corneal epithelial wound healing. In conformity with clinical observations the antibiotics (chloramphenicol, rifampicin) tested, delay the growth of limbal stem cells. Genotoxicity specific differences in chromatin toxicity described earlier in this journal (Banfalvi et al., 2012) holds true of antibiotics as well. We have found earlier in different tumor cell lines similar chromatin structures during interphase that followed the same pattern of chromosome condensation (Banfalvi et al., 2006) . In this paper we confirm the notion that naturally occuring stem cells contain the same intermediates and obey the general rules of chromatin condensation. 
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